Soybean (Glycine max L. Merr.) germplasm, essentially isogenic except for loci controlling male sterility (mns,) and nodulation (iji), were developed to study the effects of reproductive development and nitrogen source on certain aspects of photosynthesis. Plants were sampled from flowering (77 days after transplanting) until maturity (150 days after transplanting). With all four genotypes, net carbon exchange rtes were highest at flowering and declined thereafter. Photosynthetic rates of the sterile genotypes (nodulated and non-nodulated) declined more rapidly than the fertile genotypes, and after 105 days, both sterile genotypes maintained low but relatively constant carbon exchange rates (<3 milligrams C02/gram fresh weight per hour). Photosynthetic rates and starch accumulation (difference between afternoon and morning levels) declined with time. The sterile genotypes attahined the highest morning starch levels, which reflected reduced starch mobilization. After 92 days, the proportion of photosynthetically fixed carbon that was partitioning into starch (relative leaf starch accumulation) in the sterile genotypes increased dramatically. In contrast, relative leaf starch accumulation in the fertile genotypes remained relatively constant with time. Throughout the test period, all four genotypes maintained leaf sucrose levels between 5 and 15 micromoles glucose equivalents per gram fresh weight.
ABSTRACI
Soybean (Glycine max L. Merr.) germplasm, essentially isogenic except for loci controlling male sterility (mns,) and nodulation (iji), were developed to study the effects of reproductive development and nitrogen source on certain aspects of photosynthesis. Plants were sampled from flowering (77 days after transplanting) until maturity (150 days after transplanting). With all four genotypes, net carbon exchange rtes were highest at flowering and declined thereafter. Photosynthetic rates of the sterile genotypes (nodulated and non-nodulated) declined more rapidly than the fertile genotypes, and after 105 days, both sterile genotypes maintained low but relatively constant carbon exchange rates (<3 milligrams C02/gram fresh weight per hour). Photosynthetic rates and starch accumulation (difference between afternoon and morning levels) declined with time. The sterile genotypes attahined the highest morning starch levels, which reflected reduced starch mobilization. After 92 days, the proportion of photosynthetically fixed carbon that was partitioning into starch (relative leaf starch accumulation) in the sterile genotypes increased dramatically. In contrast, relative leaf starch accumulation in the fertile genotypes remained relatively constant with time. Throughout the test period, all four genotypes maintained leaf sucrose levels between 5 and 15 micromoles glucose equivalents per gram fresh weight.
The activities of sucrose phosphate synthase (SPS) in leaf extracts of the four genotypes declined from 77 to 147 days. Nodulated genotypes tended to maintain higher activities (leaf fresh weight basis) than did the non-nodulated genotypes. In general, relative leaf starch accumulation was correlated negatively with the activity of SPS (normalized with leaf net carbon exchange rate) in leaf extracts for all four genotypes during early reproductive development, and for the fertile genotypes at all sampling dates. In contrast, leaf sucrose content was correlated positively with SPS activity during early reproductive development. These results suggested that a direct relation existed between the activity of SPS and starch/sucrose levels in soybean leaves. However, the interaction between these processes also may be influenced by other factors, particularly when leaf photosynthetic rates and plant demand for assimilates is low, as in the sterile genotypes.
Several studies (2, 3, 14) describe the changes in photosynthesis and carbohydrate metabolism in soybean leaves during reproductive development. After flowering, leaf soluble sugars remain relatively constant although leaf photosynthetic rates decline. In contrast, leaf starch content (typically measured about mid-day) increases until mid-podfill, and thereafter decreases. With the removal of reproductive tissues, however, the demand for assimilates is apparently reduced as the levels of both leaf starch and soluble sugars increase (4, 16) and photosynthetic rates are depressed more severely than in control plants. The inhibition of photosynthesis by pod removal may be attributed partially to the accumulation of leaf ABA (17) which may cause stomatal closure (16) . It is also possible that lower photosynthetic rates result from feedback inhibition by end products. Thus, the response of photosynthetic rate to altered reproductive tissue development should be evaluated with respect to photosynthetic starch formation and starch mobilization in the dark. In that regard, estimates of starch content at mid-day are inadequate and only reflect the balance between the two processes.
Because starch and sucrose are the principal end products of photosynthesis (6) , factors which control the partitioning of carbon between the two products, and changes during reproductive development, are of fundamental importance. One factor which may influence carbon partitioning in leaves is the activity of SPS2 (9) . It has been postulated that SPS is one of the ratedetermining steps in the sucrose formation pathway (7, 9, 10, 18) . In addition, the rate of sucrose formation may indirectly regulate starch formation in the chloroplast by affecting metabolite transport across the chloroplast envelope (4, 8, 20) .
In previous studies (10) , carbon partitioning in four soybean cultivars was determined in relation to stage ofdevelopment and plant N source (nodulated versus nitrate-dependent). Intraspecific variation was observed in leaf starch content, activities of SPS in leaf extracts, and the response to nodulation. In general, genotypic differences increased as plants progressed from vegetative to reproductive development, and with three of the four cultivars tested, nodulated plants exhibited increased sucrose formation as compared to nitrate-dependent plants.
In an attempt to elaborate upon the effects of nodulation and reproductive tissue development on carbon partitioning in leaves, four isogenic soybean lines were developed that differ only at loci governing male fertility and nodulating ability. Genetic control of fertility to alter reproductive development eliminates the need to remove pods manually and should avoid undesirable or unnatural physiological effects imposed by the time or method of pod removal. Male-sterile soybean genotypes have been studied previously, in terms of lipid metabolism (21) and carbon and nitrogen distribution (1, 22) . Photosynthesis, however, has not been previously measured in that germplasm. Hence, specific objectives of the present study were to determine the effects of plant nodulation and reproductive load on (a) NCER, (b) leaf starch and sucrose metabolism, and (c) activities of sucrose-metabolizing enzymes in leaves from flowering to maturity. In addition, a distinction was made between starch formation and mobilization, and for the first time, changes in the activities of certain sucrose-metabolizing enzymes during reproductive development have been documented. L-') and Cygon-2E (1 g L-') on a 2-week cycle to eliminate insect populations.
MATERIALS AND METHODS
All photosynthetic measurements reported herein were made at the leaf position that was most recently fully expanded at 77 DAT. Three or four replicate plants were sampled, and the values reported are mean values ± SE.
Starch Analysis. Samples for starch analysis (six discs corresponding to 3.6 cm2) were taken at 0800 and 1700 h. Preparation of the ethanol-insoluble fraction and analysis of starch by enzymic digestion were as described previously (10) .
Enzyme Extraction and Assays. Leaves (about 3 g fresh weight) were harvested after the 1700 h sampling for starch. Samples were weighed, sliced, and frozen at -80C prior to extraction and assay of SPS, sucrose synthase, and uridine diphosphatase activities (10, 11). Immediately after extraction, an aliquot was heat-denatured and stored at -80C prior to enzymic analysis of sucrose and hexoses ( 13) .
RESULTS
Photosynthesis and Carbon Partitioning. Net carbon exchange rates were monitored at the same leaf position in the top of the canopy from 77 to 147 DAT (Fig. 1 ). An overall decline in NCER was observed but the genotypes differed in the rate of change. In general, the fertile genotypes (nodulated and nonnodulated) maintained higher NCERs than did the corresponding sterile genotypes. The NCERs for both sterile genotypes declined to about 3 mg C02/g fresh weight h-' by 105 DAT and thereafter remained relatively constant. In contrast, NCER of the fertile genotypes exhibited a continual decline. The fertile nodulated genotype, however, maintained higher activities than did the fertile non-nodulated genotype.
Leaf starch content was measured at early morning and late afternoon (Fig. 2) DAYS AFTER EMERGENCE genotype tended to partition less carbon into starch than did the non-nodulated genotype (Fig. 4A) . In contrast, the sterile genotypes exhibited a substantial increase in relative leaf starch accumulation at the later sampling dates (Fig. 4B) . Changes in Sucrose-Metabolizing Enzymes. The activity of SPS in leaf extracts of the four genotypes declined from 77 to 147 DAT (Fig. 5) . Of the fertile genotypes, the nodulated line maintained higher activities of SPS than did the non-nodulated line (Fig. 5A) . With the sterile genotypes, however, the effect of nodulation was not apparent after the first two sampling dates (Fig. 5B) . At between PM and AM contents) declined from 77 to 147 DAT.
In contrast to the relatively large changes observed in NCER and starch content, leaf sugar content remained relatively constant (Fig. 3) . With all four genotypes, sucrose was the principal sugar found in the leaf extracts.
Differences in leaf starch accumulation (Fig. 2) among genotypes were normalized with respect to NCER (Fig. 1) . Hence, the ratio of leaf starch accumulation to NCER (relative leaf starch accumulation) reflected the proportion of photosynthetically fixed carbon that was partitioned into starch. With the fertile genotypes, relative leaf starch accumulation remained rather constant from 77 to 147 DAT, although the nodulated Changes in the activities of sucrose synthase and uridine diphosphatase ( 11) in leafextracts were also measured. In general, genotypic differences in changes in activities from 77 to 147 DAT were not observed (data not shown). However, uridine diphosphatase activity declined during the period (from about 700 to 70 ,imol UDP hydrolyzed/g fresh weight h-') and sucrose synthase increased slightly (from about 8 to 12 ,umol sucrose formed/g fresh weight h-').
At a given sample date, genotypic differences were observed in leaf starch accumulation, NCER, and activities of SPS in leaf extracts. The relation of relative leaf starch accumulation to activity of SPS in leaf extracts (normalized with NCER) is shown in Figure 6 for all genotypes at 77 DAT. As shown, a negative correlation (r = -0.70) between relative starch accumulation and the relative activity of SPS in leaf extracts was representative of all four genotypes.
The negative relation between starch accumulation and SPS activity was maintained from 77 to 147 DAT for the fertile genotypes (Fig. 7A) , but not the sterile genotypes (Fig. 7B) . After 92 DAT, the sterile genotypes accumulated high levels of starch but also had high activities of SPS in leaf extracts (in relation to NCER), and no correlation was apparent.
Within a sampling date, genotypic differences in leaf sucrose content were related to the activity of SPS in leaf extracts and the photosynthetic rate. At the first two sampling dates, leaf 
DISCUSSION
The results of the present study described the effects of plant N source and altered source-sink relations (fertile versus sterile) on photosynthesis and carbon partitioning in leaves. In general, the effects of reduced reproductive development were greater than the effect of plant N source. Because the genotypes used in this study exhibited determinant growth habit, after flowering the male-sterile genotypes would be expected to have a greatly reduced demand for assimilates. Indeed, the sterile genotypes exhibited the most rapid declines in NCER, and with time accumulated the highest levels ofmorning starch, which reflected reduced mobilization of stored carbon in the dark. Also, after 92 DAT, the sterile genotypes partitioned a greater proportion of photosynthetically fixed carbon into starch as compared to the fertile genotypes. These responses were consistent with previous studies (14, 16, 17) that showed inhibition of photosynthesis and accumulation of starch as a result of pod removal.
Of the fertile genotypes, the nodulated line maintained higher activities of SPS in leaf extracts and tended to partition less carbon into starch than did the non-nodulated line. The results are consistent with an earlier report (10) synthesis regulates the partitioning of carbon between starch and sucrose. Apparently, the activity of SPS was associated with the rate of sucrose formation. Under steady state conditions, leaf sucrose content was in equilibrium with the rate of sucrose formation (15) , which may explain the positive correlation between leaf sucrose and SPS activity.
The relationships observed during early reproductive development between SPS activity and starch/sucrose levels for the four genotypes were not maintained consistently through maturity. With the fertile genotypes, the negative relation between starch accumulation and SPS activity was maintained from flowering to maturity. However, the relation between leafsucrose content and SPS activity varied with sampling date (data for other sampling dates not shown). With the sterile genotypes, after 92 DAT, no relation existed between SPS activity and starch accumulation or leaf sucrose content (data not shown). During that time, the sterile genotypes partitioned proportionally more carbon into starch as compared to the fertile genotypes. Thus, factors other than SPS activity were apparently regulating carbon partitioning in leaves when photosynthetic rates, and demand for assimilates, was low (i.e. sterile genotypes after 92 DAT, and the fertile genotypes near maturity).
Overall, the results obtained in the present study are consistent with previous reports which showed inhibition ofphotosynthesis, and accumulation of starch and sucrose in leaves as a result of decreased demand for assimilates (2, 14, 16, 17, 19, 22) . The impact of reduced reproductive load on photosynthesis in the sterile genotypes was independent of plant N source. However, the relations observed between SPS activity and starch/sucrose levels in leaves when demand for assimilates was present support the suggestion that SPS activity is associated with the control of carbon partitioning in leaves.
